The strain effect on graphene-encapsulated Au nanoparticles is investigated. A finite-element calculation is performed to simulate the strain distribution and morphology of the monolayer and multilayer graphene-encapsulated Au nanoparticles, respectively. It can be found that the inhomogeneous strain and deformation are enhanced with the increasing shrinkage of the graphene shell. Moreover, the strain distribution and deformation are very sensitive to the layer number of the graphene shell. Especially, the inhomogeneous strain at the interface between the graphene shell and encapsulated Au nanoparticles is strongly tuned by the graphene thickness. For the mono-and bilayer graphene-encapsulated Au nanoparticles, the dramatic shape transformation can be observed. However, with increasing the graphene thickness further, there is hardly deformation for the encapsulated Au nanoparticles. These simulated results indicate that the strain and deformation can be designed by the graphene layer thickness, which provides an opportunity to engineer the structure and morphology of the graphene-encapsulated nanoparticles.
Introduction
Metal nanoparticles have extensive technological applications in nanosensors, catalysis, and biomedical engineering [1] [2] [3] . The high surface-to-volume ratio, however, makes the naked metal nanoparticles sensitive to the ambient atmosphere and unstable. Therefore, encapsulated metal nanoparticles have attracted increasing attention as an alternative to the naked metal nanoparticles. It has been demonstrated that it is an efficient method to prevent the oxidation of the metal nanoparticles by encapsulating them with graphene shell [4, 5] . Moreover, the properties of the encapsulated nanoparticles can be significantly modified by the graphene shell due to the unique electronic, optical, and mechanical properties of graphene [6, 7] . Recently, there is a great interest in the preparation and investigation of the graphene-encapsulated nanoparticles. The high performance of the graphene-encapsulated nanoparticles has a promising potential application [8] . On the other hand, grapheneencapsulated nanoparticles can be compared to the core/shell nanostructures. The properties of this core/shell nanostructure strongly depend on the interplay between the core and shell layer [9, 10] . Especially, the atomic structure and morphology of the core and shell can be tailored. For example, the graphene shell has been illustrated to be used as compression cell to induce the transformation and reconstruction of the encapsulated nanoparticles by electron or ion beam irradiation, in which the compressive strain plays an important role [11, 12] . However, because the mechanical property of graphene is very sensitive to the layer number of the graphene shell, the interplay between the core and shell layer can be quite different for the graphene-encapsulated nanoparticles with various shell thickness. Until now, most reports focus on the multilayer graphitic shell with carbon onion structure, which has much weaker mechanical property than that of monolayer graphene. Therefore, information on the graphene thickness-dependent strain distribution may be crucial for designing the atomic structure and morphology of the encapsulated nanoparticles. In this paper, a finite-element calculation is performed to simulate the strain distribution and deformation of the monolayer and multilayer graphene-encapsulated Au nanoparticles, respectively. The graphene thicknessdependent deformation of the encapsulated Au nanoparticles can be found. The simulated results reveal that thicknessdependent Young's modulus of the graphene shell is responsible for the tuned strain and deformation. This paper demonstrates that the thickness of the graphene shell can play an important role when the structure and morphology of the encapsulated nanoparticles are modified by the shrinkage of the graphene shell.
Results and Discussions
In order to investigate the strain tuning effect on the morphology evolution of the nanoparticle, a finite-element (FE) calculation is performed to simulate the dynamic strain distribution of graphene-encapsulated Au nanoparticle with different graphene thickness during the morphology evolution process. FE calculation is a versatile computer simulation technique used for continuum modeling of deformation [13] . The simulations are taken to account for the physical properties of many materials, including elastic anisotropy, thermal expansion, and three-dimensional object shape [14] [15] [16] . Moreover, a general qualitative agreement between atomistic strain calculations and continuum elastic models has been demonstrated in nanomaterials [17, 18] . Recently, using the FE calculation to simulate the strain distribution of nanoparticles has been widely reported [19, 20] . In our FE model, the Au nanoparticle is considered as hexagonal shape with side length of 5 nm and the graphene shell encapsulates the nanoparticles without any spare space, which are the initial states. The morphology evolution and the dynamic strain distribution of the graphene-encapsulated Au nanoparticle are simulated with the continuous shrinkage of the graphene shell, which can be experimentally realized by the electron or ion beam irradiation [11, 12] . The thickness of monolayer graphene is 0.335 nm [21] ; the thickness of the bilayer, triplelayer, four-layer, and seven-layer graphene is 0.81, 1.285, 1.76, and 3.185 nm with the layer distance of 0.14 nm, respectively. and 0.27E11 Pa [22, 23] for Au, monolayer, bilayer, triple-layer, four-layer, and seven-layer graphene, while Poisson's ratio is taken to be 0.42 and 0.165 for Au and graphene, respectively. Figures 1(a), 1(b), 2(a), and 2(b) show the representative cross-sectional morphologies of the mono-and bilayer graphene-encapsulated Au nanoparticle during their morphology evolution with the increasing shrinkage of the graphene shell. Correspondingly, Figures 1(c), 1(d) , 2(c), and 2(d) illustrate the X-Y plane strain profiles synchronously for these morphologies. As it can be seen in Figures 1(a) and 1(b) , the encapsulated Au nanoparticle in monolayer graphene is transformed from hexagonal to spherical shape with the increasing shrinkage of graphene shell. Figures 1(c) and 1(d) indicate that the Au nanoparticle is incurred compressive strain by the monolayer graphene shell. Meanwhile, the strain distribution is very inhomogeneous, which increases with the increasing shrinkage of the graphene shell. The compressive strain reaches to the maximum at the six corners of the hexagonal Au nanoparticle close to the graphene/Au interface. However, the strain decreases very fast in Au nanoparticle as the position is away from the corners. Figure 2 shows the morphology evolution of the bilayer graphene-encapsulated Au nanoparticle with the increasing shrinkage of the graphene shell. It can be found that the encapsulated hexagonal Au nanoparticle in bilayer graphene trends to be transformed to spherical shape with the increasing shrinkage of the graphene shell. The Au nanoparticle is incurred inhomogeneous compressive strain by the bilayer graphene shell, however, which is much smaller than that in the monolayer graphene-encapsulated Au nanoparticle, as shown in Figures 2(c) and 2(d) . Moreover, compared with the strain distribution in the monolayer graphene-encapsulated Au nanoparticle, the strain distribution is less inhomogeneous and decreases much smoothly in the encapsulated Au nanoparticle with bilayer graphene as the position is away from the corners. These phenomena can be due to the face that Young's modulus of the bilayer graphene is smaller than that of the monolayer graphene, even though both Young's moduli of the monolayer and bilayer graphene are larger than those of Au nanoparticle. Therefore, these simulated results indicate that the inhomogeneous compressive strain can be induced with the increasing shrinkage of the graphene shell when Young's modulus of the graphene shell is larger than that of Au nanoparticle, leading to the deformation of the encapsulated Au nanoparticle. On the other hand, the strain distribution strongly depends on the graphene thickness which has different Young's modulus, especially at the graphene/Au interface. The thickness-dependent deformation and the strain distribution can be used to tune the structure and the properties of the encapsulated Au nanoparticle. Figures 3 and 4 are the cross-sectional morphologies and strain distribution for the encapsulated Au nanoparticle with the triple-layer and seven-layer graphene shell with the increasing shrinkage of the graphene shell, respectively. Both Young's moduli of the triple-layer and seven-layer graphene are smaller than those of Au nanoparticle, because Young's modulus of the graphene decreases with the increasing of the layer number [23] . Compared with that of the monolayer and bilayer grapheme-encapsulated Au nanoparticle, the simulation results demonstrate that the strongest strain happens in the graphene shell instead of in the Au nanoparticle core for triple-layer and seven-layer grapheme-encapsulated Au nanoparticle, as shown in Figures 3 and 4 . The strain in the shrinking graphene shell increases with the increasing of the layer thickness. On the other hand, it can be found that decreasing Young's modulus leads to the decreasing of the inhomogeneous compressive strain on the Au nanoparticle core. Therefore, although the shrinkage of the graphene shell increases, the deformation can be hardly seen for the encapsulated Au nanoparticle with the triple-layer and sevenlayer graphene shell as shown in Figures 3(a), 3(b), 4(a) , and 4(b). These simulated results reveal that, with the increasing shrinkage of the graphene shell, the inhomogeneous compressive strain can be enhanced in the graphene layer close to the graphene/Au interface when Young's modulus of the graphene shell is smaller than that of Au nanoparticle. The strong local deformation of the graphene layer at the graphene/Au interface should be observed, which can be used to tune the structure and the properties of the graphene shell. However, the structure of the inner encapsulated Au nanoparticles is hardly deformed for the thicker graphene shell. Figure 5 is the comparison of the maximum strain value with different shrinkage of the graphene shell in the graphene-encapsulated Au nanoparticle for monolayer, bilayer, triple-layer, four-layer, and seven-layer graphene shell, respectively. It can be found that the strongest inhomogeneous strain happens in the monolayer grapheneencapsulated Au nanoparticle, which can be attributed to highest Young's modulus of the monolayer graphene. The inhomogeneous strain decreases with the increasing graphene thickness and reaches to the smallest value in the triple-layer graphene-encapsulated Au nanoparticle. With increasing the graphene thickness further, the inhomogeneous strain is enhanced again, which can be due to the enhanced shrinkage by the thicker graphene shell. This result indicates that graphene thickness-dependent Young's modulus is responsible for the tuned strain and deformation of the graphene-encapsulated Au nanoparticle.
Conclusion
The influence of graphene thickness-dependent Young's modulus on the strain distribution and deformation of the graphene-encapsulated hexagonal Au nanoparticle is investigated by FE simulations. With the shrinkage of the graphene shell, it can be found that the encapsulated Au nanoparticle can be deformed when Young's modulus of the graphene shell is larger than that of Au nanoparticle. The compressive strain distributes inhomogeneously in the graphene shell and in the Au nanoparticle core, especially at the interface. The inhomogeneous strain reaches to the maximum in the monolayer graphene-encapsulated Au nanoparticle. With increasing the number of graphene layer, the inhomogeneous strain on the encapsulated Au nanoparticles decreases. However, the local strain can be enhanced in the graphene layer close to the graphene/Au interface when Young's modulus of the graphene shell is smaller than that of Au nanoparticle. These simulated results indicate that the strain and deformation of the graphene shell and encapsulated nanoparticles can be designed separately by tuning the graphene layer thickness, which provides an opportunity to engineer the physical properties of the graphene-encapsulated nanoparticles.
